R-spondins (RSPOs) and their receptor leucine-rich repeat-containing G-protein coupled receptor 4 (LGR4) play pleiotropic roles in normal and cancer development as well as the survival of adult stem cells through potentiation of Wnt signaling. Current evidence indicates that RSPO-LGR4 functions to elevate levels of Wnt receptors through direct inhibition of two membrane-bound E3 ligases (RNF43 and ZNRF3), which otherwise ubiquitinate Wnt receptors for degradation. Whether RSPO-LGR4 is coupled to intracellular signaling proteins to regulate Wnt pathways remains unknown. We identified the intracellular scaffold protein IQ motif containing GTPase-activating protein 1 (IQGAP1) as an LGR4-interacting protein that mediates RSPO-LGR4's interaction with the Wnt signalosome. IQGAP1 binds to and modulates the activities of a plethora of signaling molecules, including MAP kinases, Rho GTPases, and components of the Wnt signaling pathways. Interaction of LGR4 with IQGAP1 brings RSPO-LGR4 to the Wnt signaling complex through enhanced IQGAP1-DVL interaction following RSPO stimulation. In this configuration, RSPO-LGR4-IQGAP1 potentiates β-catenin-dependent signaling by promoting MEK1/2-medidated phosphorylation of LRP5/6 as well as β-catenin-independent signaling through regulation of actin dynamics. Overall, these findings reveal that RSPO-LGR4 not only induces the clearance of RNF43/ZNRF3 to increase Wnt receptor levels but also recruits IQGAP1 into the Wnt signaling complex, leading to potent and robust potentiation of both the canonical and noncanonical pathways of Wnt signaling.
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cell signaling | receptor activation | adhesion | migration T he four R-spondins (RSPO1-4) and three related leucinerich repeat-containing G-protein coupled receptors, LGR4, LGR5, and LGR6 (LGR4-6), constitute a ligand-receptor system that plays critical roles in development, stem cell survival, and oncogenesis (1) (2) (3) (4) (5) (6) . Mutations of RSPO1 and RSPO4 affect sex development and nail formation (7) (8) (9) , respectively, and haplotype insufficiency of LGR4 in humans is associated with several diseases and other traits (10) . In the mouse, knockouts of LGR4 or RSPOs are presented with severe developmental abnormalities, including neonatal/embryonic lethality accompanied by hypoplasia and defects in tubule elongation and branching in the kidney, lung, mammary gland, and testis (11) (12) (13) (14) (15) (16) . LGR5 and LGR6 are markers of adult stem cells in the intestine and other select solid tissues (2) 
LGR4 is frequently coexpressed with LGR5 or LGR6 and is required for the survival of crypt stem cells in the gut (4, 17). Recurrent, gain-of-expression gene fusions of RSPO2 (to EIF3E) and RSPO3 (to PTPRK) occur in a subset of colorectal cancers (18) . In mouse mammary tumor virus-induced mouse models of breast and colon cancer, RSPO2 and RSPO3 were identified as two of the most commonly activated alleles (19) (20) (21) . Ectopic expression of RSPO2/3 in mouse mammary epithelial cells led to an increase in invasiveness in vitro and in tumor formation and metastasis in vivo (20, 22) .
LGR4 is up-regulated in the majority of human colon and lung cancers (23) (24) (25) . However, the exact roles and mechanisms of RSPO-LGR4 signaling in normal and cancer development remains poorly understood.
LGR4-6 comprise a large extracellular domain (ECD) with 17 leucine-rich repeats and a seven-transmembrane (7TM) domain typical of the rhodopsin family of G-protein-coupled receptors (26) . Stimulation of LGRs with RSPO1-4 greatly potentiates the activity of Wnt ligands in both the canonical (β-catenin-dependent) and noncanonical (β-catenin-independent; planar cell polarity) pathways (3) (4) (5) . This function of the LGRs is independent of heterotrimeric G proteins and β-arrestin (3, 4). Instead, it was shown that the RSPOs function as an extracellular bridge to bring LGR4 and E3 ligases RNF43/ZNRF3 together to form a ternary complex (LGR4-RSPO-RNF43/ZNRF3), which induces clearance of the E3 ligases (27) . Because RNF43/ZRNF3 ubiquitinates Wnt receptors for degradation, their removal leads to elevated Wnt receptor levels and increased Wnt signaling (27, 28) . The importance of this ternary complex in potentiating Wnt signaling has now been revealed by multiple structural and biochemical studies (29) (30) (31) , particularly by the finding that higher binding affinity of RSPO2/3 for RNF43/ZNRF3 accounts for their stronger potency in functional assays (32) . Conversely, there is strong evidence indicating that RSPO-LGR signaling involves additional mechanisms. Foremost, RSPO treatment leads to an immediate increase in LRP6 phosphorylation, and overexpression of the FZD Wnt receptor does not supersede the effect of RSPO stimulation (33) . Upon costimulation with RSPO and Wnt ligands, LGR4 and LGR5 form a supercomplex with the Wnt coreceptors LRP5/6 and FZD to enhance canonical Wnt signaling (4, 34). Here we show that the 7TM domain of LGR4 binds to and functions via the intracellular signaling protein IQGAP1 (IQ motif containing GTPase-activating protein 1) to enhance β-catenin activation through MEK1/2-mediated phosphorylation of LRP6. Furthermore, the interaction of LGR4 with IQGAP1 promotes association with F-actin assembly proteins to regulate focal adhesion (FA) assembly and cell migration. Overall, the maximal function of RSPO-LGR4-IQGAP1 sigSignificance R-spondins (RSPOs) and LGR4 emerged as a major ligandreceptor system in the regulation of Wnt signaling as manifested in their pleotropic roles in development and survival of adult stem cells. The mechanism of how RSPO-LGR4 interacts with the Wnt signaling system remains poorly understood. In this work, we describe the identification of IQGAP1 as the first intracellular signaling partner of RSPO-LGR4 and the delineation of IQGAP1's roles and mechanism in mediating RSPO-LGR4-induced potentiation of Wnt signaling. We also elucidate the relationship between the RSPO-LGR4-IQGAP1 pathway and the function of RSPO-LGR4 in inhibiting RNF43/ZNRF3. The findings uncovered a unique mechanism of RSPO-LGR4 signaling and provide a mechanistic basis for the pleiotropic functions of RSPO-LGR4 signaling in normal and pathological processes.
naling depends on the clearance of RNF43/ZNRF3. This unique, dual mechanism of RSPO-LGR4 signaling provides a molecular basis for its robust activity in the potentiation of both the canonical and noncanonical pathways of Wnt signaling.
Results

RSPO-
LGR4 Potentiates Wnt/β-Catenin Signaling in the Absence of RNF43/ZNRF3. To determine whether RSPO-LGR4 acts solely through clearance of the E3 ligases, HEK293T cells which only express ZNRF3 (27) were transfected with ZNRF3 siRNA, and their response to Wnt3a and RSPO3 was measured. As expected (27) , knockdown (KD) of ZNRF3 led to increases in basal activity and in response to Wnt stimulation (Fig. 1A) . Surprisingly, cells with KD of ZNRF3 produced a better response to RSPO stimulation (Fig. 1A) . Ectopic expression of LGR4 in ZNRF3-deficient cells led to much higher basal and RSPO-stimulated β-catenin activity compared with control cells (Fig. 1A) . These results suggest that RSPO-LGR4 has ZNRF3-independent activity. To corroborate this finding, we generated a mutant (Q71A) of RSPO1 that alters residue Glu-71, which has been shown to be critical for binding to RNF43, but not to LGR5, in the cocrystal structure of LGR5-RSPO1-RNF43 (29) . The RSPO1 mutant was expressed and secreted at levels similar to those of WT (Fig. S1A ). As expected, Q71A failed to bind to ZNRF3 but still bound to LGR4, with slightly lower affinity compared with WT ( Fig. S1 B and C). It should also be noted that the observed binding of WT RSPO1 to ZNRF3 was only slightly above background levels (Fig. S1B) . In functional assays, Q71A was weaker than WT in HEK293T cells (Fig. 1B) but showed the same efficacy as WT with only ∼threefold decrease in potency in cells overexpressing LGR4 (Fig. 1B) . Furthermore, both mutant and WT RSPO1 elicited a stronger response in cells with KD of ZNRF3 (Fig. 1C) . The decrease in potency of the Q71A mutant in cells with or without KD of ZNRF3 or with overexpression of LGR4 in potentiating Wnt/β-catenin activity is consistent with its reduced binding affinity for LGR4 (Fig. S1C) . These results strongly suggest that binding of RSPO to ZNRF3 is only critical for its Wnt-potentiating effect in cells with high levels of ZNRF3, and thus RSPO-LGR4 is likely to function via other mechanisms to enhance Wnt/β-catenin signaling.
Overexpression of the ECD of ZNRF3 anchored to the membrane (ZNRF3-ECDTM), which lacks ubiquitin ligase activity, can act in a dominant negative fashion to inhibit the activities of ZNRF3 and thus increase response to Wnt stimulation (27) . Intriguingly, although modestly augmenting Wnt response, ZNRF3-ECDTM completely blocked RSPO's activity, which would otherwise increase Wnt/β-catenin signaling to significantly higher levels (27) . We confirmed that overexpression of ZNRF3-ECDTM led to modest increase in response to Wnt stimulation (Fig. 1D) . Remarkably, ZNRF3-ECDTM was able to completely inhibit the activity of RSPO in an insurmountable fashion in both control cells and cells overexpressing LGR4 (Fig. 1E) . Because the ECD of ZNRF3 directly interacts with FZD receptors and ZNRF3 (27, 28) , these data imply that ZNRF3-ECDTM inhibits RSPO activity, most likely by hindering the interaction of RSPO-LGR4 with the Wnt signalosome. We tested this theory by determining the effect of overexpressing ZNRF3-ECDTM on the interaction between LGR4 and Wnt receptors and found that it blocked the formation of the supercomplex between LGR4 and LRP6 (Fig. 1F) . Notably, this effect of ZNRF3-ECDTM could not be overcome by Wnt3a and RSPO1 cotreatment, indicating that ZNRF3-ECD has a higher affinity for FZD receptors or possesses an alternative function other than binding to RSPOs. These results, together with the finding that KD of ZNRF3 led to increased response to RSPO stimulation, suggest that RSPO-LGR4 can function by clearing the E3 ligases to liberate the Wnt coreceptor complex and promote its interaction with free RSPO-LGR4 to achieve maximum potentiation of Wnt signaling.
LGR4 Binds to and Requires IQGAP1 to Potentiate Wnt/β-Catenin Signaling. To decipher the mechanism of how RSPO-LGR4 interacts with Wnt receptors to enhance signaling, we searched for cytoplasmic proteins that interact with the 7TM domain of LGR4. Full-length HA-tagged LGR4 expressed in HEK293T cells was completely solubilized and pulled down by immunoprecipitation (IP). Proteins that copurified with LGR4 were identified by mass spectrometry analysis. Of the many putative proteins identified (Table S1 ), two candidates, IQGAP1 and IQGAP3, were particularly notable for their pleiotropic roles in signal transduction (35, 36) . The three highly homologous IQGAPs (IQGAP1-3) contain multiple domains that bind to and modulate the activity of a plethora of signaling molecules, including Rho GTPases, MAP kinase (MAPK), and components of Wnt pathway E-cadherin, β-catenin, and adenomatous polyposis coli (35, 36) . We first confirmed that full-length LGR4 interacts with IQGAP1 as well as with IQGAP2 and IQGAP3 by co-IP analysis ( Fig. 2A and Fig. S2A ). In contrast, HA-tagged LGR4-ECD fused to the CD4-TM domain (LGR4-ECDTM) did not pull down IQGAP1 ( Fig. 2A ) or IQGAP2-3 ( Fig. S2A) , suggesting that the 7TM domain of LGR4 is required for interaction with IQGAP1-3. Association of LGR4 with IQGAP1 was not altered upon addition of ligand ( Fig. 2A) . To verify that the interaction between LGR4 and IQGAP1 occurs at endogenous receptor levels, co-IP analysis was carried out with HeLa cells, which express high levels of LGR4 and IQGAP1. The two endogenous proteins were found to interact with each other by using reciprocal approaches ( Fig. 2B and Fig. S2B ).
Next, we tested whether IQGAP1 is involved in RSPO-LGR4-induced potentiation of canonical Wnt signaling. Quantitative RT-PCR (RT-qPCR) analysis indicated that HEK293T cells express the highest levels of IQGAP1 and progressively lower levels of IQGAP3 and IQGAP2 (Fig. S2C) . KD of IQGAP1 significantly inhibited RSPO1-induced Wnt/β-catenin signaling (∼60-70%) (Fig. 2C) . KD of IQGAP3 alone suppressed signaling to a lesser extent compared with IQGAP1, and no synergistic effect was observed with double KD (Fig. 2C) . RT-qPCR and Western blot (WB) analysis revealed that KD of IQGAP1 and IQGAP3 was sufficient but incomplete ( Fig. S2 D and E) , which could account for the lack of total abolishment of RSPO1 response in IQGAP1/3-KD cells. Ectopic expression of mouse IQGAP1 was able to completely rescue the effect of IQGAP1 KD (Fig. 2D) . Because phosphorylation of LRP6 is a hallmark of canonical Wnt-signaling activation and is enhanced by RSPO-LGR signaling (3, 33), we tested whether IQGAP1 depletion would affect LRP6 phosphorylation in response to Wnt3a alone or RSPO1+Wnt3a cotreatment. In both instances, loss of IQGAP1 led to decreased LRP6 phosphorylation (p-LRP6) with stronger effect on cells cotreated with RSPO1+Wnt3a (Fig. 2E) . These data suggest that IQGAP1 transduces RSPO-LGR4-induced potentiation of Wnt/β-catenin signaling through regulation of LRP6 phosphorylation.
IQGAP1-Recruited MAPK MEK1/2 Phosphorylate LRP6 to Enhance Wnt/β-Catenin Signaling. IQGAPs contain several domains that bind to distinct signaling and structural proteins (35, 36) . To map the IQGAP1 domain responsible for interacting with LGR4, a series of IQGAP1 truncation and deletion mutants were constructed (Fig. 3A) . Co-IP studies demonstrated that all IQGAP1 mutants bound to HA-LGR4, except those without the rasGAP-related domain (GRD) (Fig. 3B) . Furthermore, the GRD alone was able to bind to LGR4 (Fig. 3 B, Right) , indicating that it is both necessary and sufficient for interacting with LGR4. We then tested the functional activity of the mutants and found that overexpression of IQGAP1-ΔNT and -ΔIQ as well as the GRD inhibited RSPO1 response, presumably by acting in dominantnegative fashion and blocking LGR4 binding to endogenous IQGAPs (Fig. 3C and Fig. S2F ). In contrast, IQGAP1 mutants without the WW or the C-terminal half had no effect (Fig. 3C) . Moreover, overexpression of the ΔIQ mutant suppressed both baseline and peak p-LRP6 levels induced by Wnt3a+ RSPO1 cotreatment in HEK293T and HeLa cells (Fig. S3 A and B) . These results indicate that IQGAP1 interacts with LGR4 through the GRD and requires the IQ domain to mediate the effect of RSPO-LGR4 function on Wnt/β-catenin signaling.
The IQ and WW domains of IQGAP1 bind the MEK1/2 and ERK1/2 class of MAPKs, respectively (37, 38) . Both MEK and ERK are capable of phosphorylating LRP6 to promote canonical Wnt signaling (39) . Because loss of IQGAP1 led to failure of LRP6 phosphorylation following Wnt3a+RSPO stimulation, we reasoned that RSPO-LGR4 may interact with IQGAP1 to recruit MAPKs to phosphorylate LRP6 and therefore enhance Wnt signaling. U0126, a specific inhibitor of MEK1/2 (40), was able to abolish RSPO-induced Wnt/β-catenin signaling and LRP6 phosphorylation (Fig. 3 D and E and Fig. S4 A and B) , whereas inhibitors of p38, ERK and JNK had no effect (Fig. S4  C and D) . Furthermore, co-IP analysis showed that IQGAP1 was able to pull down p-LRP6 and MEK1/2 when coexpressed with LGR4 (Fig. 3F) . Loss of MEK1/2 binding would account for the dominant-negative activity of the ΔIQ mutant in the functional assays. Just recently, DVL was shown to modulate Wnt signaling by directly binding to the region of IQGAP1 that lies between the IQ domain and GRD (41) . We examined whether IQGAP1-DVL interaction would function as a bridge to promote complex formation between RSPO-LGR4 and the Wnt signalosome because DVL binds to FZDs and is essential for both the canonical and noncanonical pathways. Indeed, endogenous DVL was found to coimmunoprecipitate with IQGAP1 when coexpressed with LGR4 (Fig. 3F) . Partial KD of DVLs resulted in the decreased association of LGR4-IQGAP1 with LRP6 of the Wnt signalosome (Fig. 3G) . Costimulation of cells with Wnt3a and RSPO3 led to a further increase in the amount of DVL and MEK1/2, which coimmunoprecipitated with IQGAP1 in the presence of LGR4 overexpression (Fig. 4A) . Overall, these results suggest that the interaction of IQGAP1 with DVL mediates the supercomplex formation between RSPO-LGR4 and the Wnt signalosome and that IQGAP1 recruits MEK1/2 to phosphorylate LRP5/6, leading to the potentiation of the canonical Wnt-signaling pathway.
RSPO-LGR4-IQGAP1 Is Associated with F-Actin Assembly Machinery.
LGR4 signaling was also shown to potentiate the β-cateninindependent, noncanonical pathway of Wnt signaling (5) . This pathway regulates cell polarity and migration through modulating activities of the Rho family of GTPases (Rho, Rac, and CDC42), which all interact with IQGAPs directly (35, 36, 42) . Importantly, IQGAP1 can recruit the actin assembly proteins neural Wiskott-Aldrich syndrome protein (N-WASP) and mDia1 to coordinate receptor activation with FA assembly, which is critical to the control of cell adhesion and migration (43) (44) (45) . We reasoned that RSPO-LGR4 may potentiate the noncanonical pathway by recruiting IQGAP1, which interacts with N-WASP and mDia1 into the Wnt signalosome to promote actin assembly. First, we examined whether RSPO3-induced LGR4 activation could induce translocation of IQGAP1 to the cell membrane by using confocal immunofluorescence analysis of Madin-Darby canine kidney (MDCK) cells coexpressing HA-LGR4 and IQGAP1-EGFP. In serum-starved cells without RSPO3, LGR4 was mostly located in vesicles due its strong constitutive internalization (3), whereas IQGAP1 was diffusely expressed throughout the cytoplasm (Fig. 4 B, Upper) . In cells treated with RSPO3, both LGR4 and IQGAP1 were found at the front of the leading edges with near-complete colocalization (Fig. 4 B,  Lower) . We then examined whether LGR4-IQGAP1 was located in FA complexes following ligand stimulation. In cells overexpressing LGR4 and IQGAP1, cotreatment with Wnt3a, which promotes RhoA-dependent cell motility (46) , and RSPO3 led to dramatic increases in the association of IQGAP1 with N-WASP and mDia1 (Fig. 4A) . FA kinase (FAK) and paxillin, two key players in FA assembly, were found in the LGR4-IQGAP1 complex following cotreatment with both ligands (Fig. 4A) . These data support the notion that RSPO-induced activation of LGR4 enhances the recruitment of IQGAP1 into the Wnt signalosome through a DVL bridge. In turn, this recruitment provides a mechanism for RSPO-LGR4 to regulate actin dynamics and FA assembly through IQGAP1's modulation of N-WASP and mDia1 activity.
RSPO3-LGR4-IQGAP1 Signaling Regulates the Cytoskeletal Organization and Migration of Cancer Cells.
LGR4 was also shown to be one of the few 7TM receptors that were highly up-regulated in the majority of non-small-cell lung cancer cases (24) . However, whether LGR4 plays any roles in lung carcinogenesis remains unknown. Mining of the Cancer Cell Line Encyclopedia database identified that the lung cancer cell lines A549 and H460 express high levels of RSPO3 as well as LGR4 and IQGAP1, with lower levels of IQGAP3 (47) . These cell lines also express various Wnt ligands and coreceptors, but no LGR5, LGR6, or the other three RSPOs. RT-qPCR confirmed that A549 and H460 cells express high levels of LGR4 with low levels of LGR6, but no other RSPOs or LGR5 (Fig. S5A) . A series of LGR4 shRNA constructs were screened, and one (no. 40) was able to knock down LGR4 mRNA and protein levels by ∼80% in A549 cells (Fig. 5A and Fig. S5B ). Importantly, only cells with shRNA-40 displayed reduced levels of p-LRP6 and non-membranebound β-catenin as well as DVL2 phosphorylation (Fig. 5A) . Similar results were obtained with H460 cells (Fig. S5C ). A549 cells stably expressing a panel of RSPO3 shRNA were also generated. Two independent shRNAs were able to knock down RSPO3 expression by 99.9% KD effect (Fig. S5D) . Analysis of Wnt signaling pathways also revealed significant reduction in Wnt signaling (Fig. 5B) . One IQGAP1-shRNA (#85) was identified with potent KD effect on IQGAP1 expression (Fig. S6A ). A549 cells with loss of IQGAP1 showed a decrease in p-LRP6, especially in Wnt3a+RSPO-stimulated cells (Fig. S6B) . These results clearly indicate that RSPO-LGR4-IQGAP1 signaling plays a major role in Wnt/β-catenin signaling in lung cancer cells with high endogenous expression of RSPO3.
Given that RSPO-LGR4-IQGAP1 is associated with the machinery of F-actin assembly, we examined whether their deficiency would affect F-actin-mediated cytoskeletal organization. KD of RSPO3, LGR4, or IQGAP1 in A549 cells led to nearly identical phenotypes: loss of actin stress fibers, increased levels of cortical F-actin, and reduced cell size (Fig. 5C and Fig. S7 ). Staining of paxillin (FA marker) and F-actin clearly revealed that A549 cells with KD of IQGAP1 or RSPO3 contained no FAs, whereas control shRNA cells displayed prominent FAs at the ends of stress fibers (Fig. 5C ). WB analysis showed that A549 cells with KD of either RSPO3 or IQGAP1 had lower levels of pJNK, pFAK, paxillin, and pERK1/2 (Fig. 5D) , consistent with defects in noncanonical Wnt signaling and FA assembly. We then tested whether RSPO-LGR4-IQGAP1 controls cell migration and invasion, given the critical function of F-actin assembly in these processes. KD of LGR4 or IQGAP1 in A549 cells led to ∼50% reduction in cell migration and invasion (Fig. 5 E and F) . Similar results were obtained with KD of LGR4 in H460 cells (Fig. S8A) . Remarkably, A549 cells with complete KD of RSPO3 displayed almost no migration or invasion (Fig. 5 E and F) . The more modest effect in cells with KD of LGR4 or IQGAP1 on migration and invasion is most likely due to incomplete KD (only ∼80% for LGR4) or the abundance of IQGAP1 and IQGAP3, respectively. To further validate the results of RSPO3 KD on cell migration, we tested an RSPO3-neutralizing antibody (Ab), which was validated to inhibit RSPO3-induced potentiation of β-catenin signaling (Fig. S8B) . A549 cells incubated with the Ab showed ∼50% reduction in cell migration compared with control IgG-treated cells (Fig. S8C) . The lack of total inhibition of migration may reflect inadequate neutralization by the antisera due to an autocrine-like nature of RSPO3-LGR4 signaling. Overall, these results strongly suggest that endogenous RSPO3-LGR4-IQGAP1 signaling regulates FA assembly in lung cancer cells with high RSPO3 expression, likely by directly recruiting N-WASP and mDia1 and coordinating actin dynamics. 
Discussion
The newly discovered RSPO-LGR4 ligand receptor system has emerged as a major axis in the regulation of Wnt signaling as manifested in its pleotropic roles in development and survival of adult stem cells. The mechanism of how RSPO-LGR4 functions to potentiate Wnt signaling, however, remains enigmatic. Despite containing a 7TM domain with strong homology to those of the rhodopsin family of G-protein-coupled receptors, stimulation of LGR4 or its related receptor LGR5 and LGR6 by RSPOs does not lead to the activation of heterotrimeric G proteins or to β-arrestin translocation (3, 4, 48). Hao et al. discovered that RSPO-LGR4 induces the clearance of RNF43/ZNRF3 to increase Wnt receptor level and thus augment Wnt signaling activity (27) . This mechanism has now been confirmed by a series of papers with structural information detailing the interactions among RSPO, LGR4, and RNF43/ZNRF3 (29, 30, 32) . These studies unequivocally concluded that binding of RSPOs to RNF43/ZNRF3 is essential for RSPO-LGR4-induced potentiation of Wnt signaling in cells expressing RNF43/ZNRF3. However, we and others have presented direct evidence that RSPO-LGR forms a supercomplex with the Wnt receptor system to potentiate Wnt signaling (4, 34). There is also indirect evidence that RSPOs-LGR must act via additional mechanisms to potentiate Wnt signaling, including the immediate increase in LRP6 phosphorylation following RSPO treatment and the lack of a superseding effect of FZD overexpression (33) . From the proteins that coimmunoprecipitated with LGR4, we identified IQGAP1 and IQGAP3 as potential candidates that could mediate the intracellular signaling of RSPO-LGR4 to the Wnt signalosome. Through a series of biochemical, genetic, and cell biology experiments, we demonstrated that IQGAP1, the most abundant IQGAP in HEK293T cells, is essential for RSPO-LGR4-induced potentiation of Wnt/β-catenin signaling. Interaction between LGR4 and IQGAP1 occurs between the 7TM domain of LGR4 and the GRD of IQGAP1. Stimulation of LGR4 by RSPOs increases the affinity of IQGAP1 to DVL, leading to the formation of a supercomplex between RSPO-LGR4 and the Wnt signalosome. Potentiation of Wnt signaling requires the MEK1/2-binding domain of IQGAP1, which provided us with the hint that LGR4-bound IQGAP1 brings in MEK1/2 to phosphorylate LRP6. Although the supercomplex had been consistently detected with overexpression systems, further studies are needed to confirm the interactions with endogenously expressed receptors using more sensitive methods. Interestingly, the growth factor FGF was also shown to potentiate Wnt/β-catenin signaling through a MEK1/2-dependent pathway (39) . Because IQGAP1 also interacts directly with the FGF receptor, it is tempting to speculate that FGF and RSPOs signal in a similar intracellular mechanism to augment the Wnt/β-catenin pathway.
The question is how the RSPO-LGR4-IQGAP1 mechanism relates to the clearance of RNF43/ZNRF induced by RSPO-LGR4. It has been reported that the potencies of the four RSPOs in potentiating Wnt/β-catenin signaling in HEK293T cells are largely governed by their affinities for RNF43/ZNRF3 (32) , indicating that inhibition of the E3 ligases is critical to the function of RSPO-LGR4. However, RSPO1 and RSPO4 have affinity for ZNRF3 in the micromolar range and do not promote the formation of ZNRF3-RSPO-LGR4 ternary complex (30); however, both are able to potentiate Wnt/β-catenin signaling through LGR4 (3). Here we found that RSPO1 had a much more potent effect in HEK293T cells when the level of ZNRF3 was reduced and a ZNRF3-binding-defective RSPO1 mutant (Q71A) was fully functional in ZNRF3-KD cells (Fig. 1C) . These findings suggest that the low-affinity binding of RSPO1, and probably RSPO4, for RNF43/ZNRF3 is not physiologically relevant. Instead, RSPO1/4 may exert their Wnt signaling function primarily on cells with low expression of ZNRF3/RNF43.
Conversely, the dominant effect of ZNRF3-ECD over RSPO1-LGR4 activity (Fig. 1 D and E) indicates that FZD receptors bound by ZNRF3-ECD were prevented from interacting with RSPO-LGR4. Based on these observations, we propose a model (Fig. 6 ) in which RSPO-LGR4 interacts with IQGAP1 to potentiate both the canonical and noncanonical pathways of Wnt signaling. Binding of RSPO2/3 to LGR4 induces the clearance of RNF43/ZNRF3, leading to the release of Wnt receptors from ubiquitination-mediated degradation and a moderate level of Wnt-signaling activation. The removal of RNF43/ZNRF3 frees up and raises the levels of Wnt receptors, which can then interact with a pool of LGR4 that is bound to IQGAP1 and free of RNF43/ZNRF3. RSPO stimulation of LGR4-IQGAP1 increases in the affinity of IQGAP1 for DVL in the Wnt signalosome, leading to the eventual formation of a supercomplex. In this configuration, IQGAP1 not only engages MEK1/2 to phosphorylate LRP5/6 and significantly enhance canonical Wnt signaling but also recruits actinpolymerization complexes through binding to N-WASP and mDia1 to coordinate actin dynamics (Fig. 6 ). This dual-mechanism model provides an explanation for the roles of RNF43/ZNRF3 and IQGAP1 in RSPO-LGR4 action and the pleiotropic functions of RSPO-LGR4 signaling in normal and cancer development, particularly for the crucial role of LGR4 in tubule elongation and branching in multiple organs.
Materials and Methods
Plasmids, siRNA, shRNA, Recombinant Proteins, Abs, and Chemical Inhibitors. Plasmids encoding human HA-LGR4, HA-LGR4-ECD-TM, Myc-LGR4, LRP6, and HA-LRP6 were generated as described (3, 34) . FLAG-tagged mouse IQGAP1 and truncation mutants were constructed by amplifying the following fragments from mouse IQGAP1 pCMV-sport6 (Open Biosystems): IQGAP1-ΔCT (expressing amino acids 2-865), IQGAP1-ΔNT (expressing amino acids 893-1,657), IQGAP1-ΔWW (deletion of 643-743), IQGAP1-ΔIQ (deletion of 704-905), IQGAP1-ΔGRD (deletion of amino acids 893-1,432), and IQGAP1-GRD (expression of 893-1,432). The PCR products were then subcloned into the pcDNA3.1 vector modified to incorporate an N-terminal FLAG-tag. The Q71A mutant of RSPO1 was generated in the plasmid RSPO1-FC (49) with standard site-directed mutagenesis methodology. Super 8×TopFlash and peGFP-IQGAP1 (50) were purchased from Addgene. pRL-SV40 was purchased from Promega. siRNA targeting human IQGAP1 (J-004694-07) and Smartpool LGR4 signaling. In the absence of RSPO, RNF43/ZNRF3 ubiquitinates the FZD receptors for degradation, resulting in low Wnt signaling activity. In the presence of RSPOs, LGR4 recruits IQGAP1 and increases its affinity toward DVL, leading to the formation of a supercomplex with the Wnt signalosome through IQGAP1-DVL interaction. IQGAP1-bound MEK1/2 then phosphorylates LRP5/6, which binds Axin and inhibits its activity in organizing β-catenin phosphorylation. RSPO-LGR4-bound IQGAP1 can also interact with noncanonical Wnt signalosome to coordinate actin dynamics due to IQGAP1's direct binding to actin polymerization machinery, leading to enhanced FA assembly and cell migration.
control was obtained from Dharmacon. The sequence for human IQGAP3 siRNA was acquired from the literature (51). The siRNA targeting human ZNRF3 was purchased from Qiagen. siRNAs targeting DVL1-3 were synthesized based on the sequences described (52) . Recombinant human RSPOs and Wnt3a proteins were purchased from R&D Systems. Wnt3a conditioned media (Wnt3aCM) was produced from L cells as described (3) . All commercial Abs were used in accordance to manufacturer's guidelines: anti-LRP6, anti-p-LRP6 (Ser-1490), anti-HA, anti-myc, anti-p42/44, anti-p-p42/44, anti-Dvl2, anti-β-catenin, anti-MEK1/2, anti-FAK, anti-p-FAK, anti-JNK1/2, anti-p-JNK1/2, anti-actin (Cell Signaling); anti-RSPO3 (ProteinTech Group); anti-FLAG (Sigma); anti-N-Wasp (Pierce); anti-mDia1, anti-IQGAP, anti-paxillin, and anti-e-cadherin (BD Biosciences). RSPO3-neutralizing Ab was from R&D Systems. SB203580, U0126, SP600125, and FR180204 were purchased from Tocris.
Mass Spectrometry Analysis. HEK293T cells stably expressing HA-tagged LGR4 were harvested, and their membranes were isolated and completely solubilized by using 1% n-dodecyl β-D-maltoside as described (53) . HA-LGR4 was pulled down from total lysate by using anti-HA Ab-labeled agarose beads. The samples were subjected to SDS/PAGE followed by Coomassie blue staining. The gel lane was sliced into lower-and higher-molecular-weight sections and digested. Peptide extraction was performed, and extracted peptides were subjected to mass spectrometry analysis by using the Applied Biosystems QStar Elite tandem LC MS/MS in the proteomics center at the Brown Foundation Institute of Molecular Medicine at University of Texas Health Science Center at Houston.
Cell Culture, Transfection, Stable Cell Line Generation, and Luciferase Assays. HEK293T and HeLa cells were purchased from ATCC. MDCK cells were obtained from Wenliang Li (University of Texas Health Science Center at Houston). A549 and H460 cells were from Bingliang Fang (M. D. Anderson Cancer Center, Houston). Cells were cultured in high-glucose DMEM supplemented with 10% (vol/vol) FBS and penicillin/streptomycin at 37°C under 95% (vol/vol) humidity/5% (vol/vol) CO 2 . Transient transfections were performed by using Fugene HD (Promega) or Dharmafect Duo (Dharmacon). For transfection of siRNA or cotransfection of siRNA with plasmids, Dharmafect Duo was used, and cells were incubated 72 h before lysis. Luciferase assays were performed as described (34) . All experiments were performed at least three times with quadruplicates in each experiment.
RT-qPCR, WB, IP, Immunofluorescence, and Confocal Microscopy. Total RNA isolation, RT-qPCR of LGR4-6 and RSPO1-4, and immunofluorescence analysis were carried out as we described (3). All RT-qPCR probes were purchased from Life Technologies. For WB analysis, cells were lysed with radioimmunoprecipitation assay buffer (50 mM Tris·Cl, pH 7.4, 150 mM NaCl, 1 mM DTT, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) supplemented with protease and phosphatase inhibitors. HRP-labeled secondary Abs were used for detection along with the standard ECL protocol. For co-IP experiments, cell lysates were incubated overnight at 4°C with anti-HAlabeled agarose (Pierce), anti-FLAG magnetic beads (Sigma), or primary Ab and protein A/G agarose beads (Santa Cruz). Precipitates were washed with lysis buffer followed by PBS and boiled with 2× SDS sample buffer before loading for SDS/PAGE and WB analysis. All ligand treatments were performed at 50 ng/mL Wnt3a and 10 ng/mL RSPO, unless otherwise stated. For immunofluorescence, HEK293T and MDCK cells transfected with the indicated plasmids or A549 KD cells were reseeded into poly-D-lysine-coated eight-well chamber slides (BD Biosciences) and allowed to adhere overnight. Cells were then washed, fixed with 4% (vol/vol) paraformaldehyde for 15 min, and permeabilized with 0.1% saponin for 10 min. Cells were incubated with anti-HA-Alexa 594 (Invitrogen) or anti-Myc-Cy3 (Sigma) for detection of LGR4 and anti-HA-488 for labeling of HA-ZNRF3-ECD-TM. Confocal microscopy images were collected by using the Leica TSC SP5 system. Cell Migration and Invasion Assays. For the migration assays, cells (1 × 10 5 ) in serum-free DMEM were seeded into the top of a Transwell migration chamber (six-well, 8-μm pore) and allowed to migrate for 16 h with DMEM plus 10% (vol/vol) FBS in the bottom chamber. Migrated cells were counted according the manufacturer's protocol. Invasion assays were carried out by seeding 2,000 cells in BD BioCoat Matrigel invasion chambers (BD Biosciences) with overnight incubation. The number of invaded cells was determined according to the manufacturer's protocol.
